Results of Base-Case Analysis: The cost-effectiveness of strategies depended critically on the pretest probability of malignancy.
T
he solitary pulmonary nodule is a single, well-circumscribed, spherical radiographic opacity that measures less than 3 to 4 cm in diameter and is surrounded completely by aerated lung (1) . There is no associated atelectasis, hilar enlargement, or pleural effusion. Most pulmonary nodules are discovered incidentally on chest radiographs, and 15% to 75% of such nodules are malignant, depending on the population studied (2, 3) . Patients with pulmonary nodules and their physicians confront difficult decisions about the risks and rewards of different management strategies. When present, malignancy must be promptly identified to permit timely resection.
Pulmonary nodule evaluation typically begins with imaging studies. Computed tomography (CT) localizes the nodule within the lung parenchyma, and CT density characteristics sometimes indicate occult calcification that suggests a benign cause (4). Other CT findings, such as spiculation, are strongly associated with malignancy (5) . Positron emission tomography (PET) with the glucose analogue 18-fluorodeoxyglucose (FDG) identifies malignant tumors on the basis of their increased metabolic rate. The use of FDG-PET is rapidly gaining acceptance in clinical oncology to diagnose tumors, stage disease, and evaluate treatment response (6, 7) . Because FDG-PET is believed to be highly sensitive for identifying malignant nodules, proponents argue that observation with serial chest radiographs is safe when PET results are negative (8) .
Management alternatives for patients with pulmonary nodules include surgical resection, transthoracic needle biopsy, and watchful waiting (9) . Surgery is the diagnostic gold standard and the definitive treatment for malignant nodules that are resectable, but surgery should be avoided in patients with benign nodules. Needle biopsy often establishes a specific malignant or benign diagnosis, but biopsy is invasive, potentially risky, and frequently nondiagnostic. Watchful waiting avoids unnecessary surgery for benign nodules but may delay diagnosis and treatment of malignant nodules.
We developed a decision analytic model to identify the most effective approaches to diagnose and manage solitary pulmonary nodules. We performed a cost-effectiveness analysis to quantify the health effects and economic costs associated with various management strategies. Because of the considerable recent interest in the use of FDG-PET, we specifically compared diagnostic strategies that used FDG-PET with strategies that did not include this potentially useful but expensive test.
METHODS
We performed a cost-effectiveness analysis by following the recommendations of the Panel on Cost-Effectiveness in Health and Medicine for conducting and reporting a reference-case analysis (10) . The analysis adopted a societal perspective that would permit comparisons across different health care interventions. We expressed our results in terms of costs, quality-adjusted life-years (QALYs), and incremental cost-effectiveness ratios. All costs and health effects were discounted at an annual rate of 3%. Additional details on our methods, data sources, and results can be found in the Appendix (available at www.annals.org). An electronic decision aid that is based on our results will be available at www.annals.org in July 2003.
Clinical Problem
The target population for this analysis was all adult patients with a new, noncalcified solitary pulmonary nodule on chest radiograph and no known extra-thoracic malignancy. Our base-case analysis considered a hypothetical cohort of 62-year-old men and women.
Decision Model Structure and Assumptions
We considered 40 clinically plausible sequences of five diagnostic interventions: CT, FDG-PET, transthoracic needle biopsy, surgery, and watchful waiting (Appendix Figures 1 and 2 , available at www.annals.org). We assumed that CT and FDG-PET were never performed after needle biopsy or surgery because performing an imaging test after an invasive diagnostic procedure is unusual. Similarly, needle biopsy and observation were never performed after surgery.
Needle biopsy was considered to be nondiagnostic unless a specific benign or malignant diagnosis was obtained. We assumed that surgery would be performed if the biopsy revealed malignancy. If the biopsy revealed a specific benign diagnosis, the patient would be managed accordingly. After a nondiagnostic needle biopsy, either surgery or watchful waiting could be selected as the next diagnostic intervention.
A final diagnosis was established at the time of surgery or, alternatively, after 24 months of observation. In the watchful waiting strategy, serial chest radiographs were obtained at 1, 2, 4, and 6 months and every 3 months thereafter. We assumed that surgery would be performed if nodule growth was observed at any time. If no growth was observed after 24 months, we assumed that the nodule was benign.
Modeling Long-Term Costs and Clinical Outcomes
We developed a Markov model to estimate long-term outcomes and costs for patients with malignant and benign pulmonary nodules (Appendix Figure 3 , available at www .annals.org). The model followed patients in the hypothetical study cohort over their remaining life span. We estimated the monthly probability of cancer recurrence after surgical treatment for patients with malignant nodules by using survival data from the Surveillance, Epidemiology and End Results (SEER) tumor registry (11). We used SEER data and a model of the natural history of untreated lung cancer to estimate the probability of disease progression in patients with malignant nodules who were managed by watchful waiting.
Data and Assumptions
We derived estimates for patient and nodule characteristics, diagnostic testing variables, costs and utilities from clinical and administrative sources (Appendix Table  1 , available at www.annals.org).
Patient and Nodule Characteristics
In the base-case analysis, we assumed that the pulmonary nodule measured 2 cm in diameter. We assumed that 12.5% of patients with malignant nodules would have regional lymph node involvement, the median prevalence of mediastinal metastases in eight studies of CT for staging in patients with T1 tumors (12) (13) (14) (15) (16) (17) (18) (19) . We derived the distribution of tumor growth rates for patients with malignant nodules from the Veterans Administration-Armed Forces Cooperative Study on Asymptomatic Pulmonary Nodules (20) .
Pretest Probability
We performed separate analyses for representative patients with low (26%), intermediate (55%), and high (79%) pretest probabilities of malignancy. Although most clinicians assess this intuitively, investigators have developed quantitative models to estimate the probability of cancer. One model that has undergone preliminary validation used logistic regression to identify six independent predictors of malignancy: age, smoking status, history of cancer, nodule diameter, spiculation, and upper lobe location (21) . Additional information about this model, including the prediction equation, can be found in the Appendix (available at www.annals.org).
Diagnostic Test Performance
We performed a meta-analysis to estimate the diagnostic accuracy of FDG-PET; our methods and results have been published elsewhere (22) . We identified 13 studies of FDG-PET that enrolled 450 patients with pulmonary nodules (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . We used the method of Moses and colleagues (36, 37) to construct a summary receiver-operating characteristic (ROC) curve for FDG-PET. For our base-case estimates, we selected an operating point on the ROC curve that corresponded to the median specificity of FDG-PET in the 13 studies. At this point on the curve, sensitivity and specificity for identifying malignancy were 94.2% and 83.3%, respectively.
To estimate diagnostic performance for CT and transthoracic needle biopsy, we searched MEDLINE and applied Moses and colleagues' method to construct summary ROC curves for these tests. For CT, base-case estimates of sensitivity and specificity for identifying malignancy were 96.5% and 55.8%, respectively (2-4, 38 -47) . In this report, the terms "possibly malignant" and "benign" describe CT results that are positive and negative for malignancy, respectively.
We estimated that CT-guided needle biopsy would not reveal a specific diagnosis in 8% of patients with malignant nodules and 44% of patients with benign nodules (27, 48 -55) . When fluoroscopic guidance was used, we assumed that the frequency of nondiagnostic biopsy results would be 10% higher (56 -58) . When needle biopsy revealed a specific benign or malignant diagnosis, we estimated that the false-negative and false-positive rates were 3.7% and 2.0%, respectively (27, 48 -55) . Base-case estimates of the probability of minor pneumothorax and major pneumothorax requiring chest tube drainage were 24% and 5%, respectively (27, 48 -55) .
We assumed that video-assisted thoracoscopy would be used to perform surgical biopsy and that the procedure would be converted to a thoracotomy with lobectomy if the frozen section revealed malignancy. We derived estimates for probabilities of fatal and non-fatal surgical complications from sources in the clinical literature (59 -67) .
Costs
We converted all costs to 2001 U.S. dollars by using the gross domestic product deflator (68, 69). To derive costs for imaging tests and needle biopsy, we added procedure costs and professional fees that were based on Medicare reimbursement rates (70, 71). To estimate costs for surgical procedures and complications, we added professional fees (70) and median cost-adjusted charges from the 1996 Health Care Utilization Project database (72). To estimate long-term costs for patients with local, regional, and distant-stage lung cancer, we analyzed Medicare claims files linked with data from the SEER tumor registry for the years 1990 to 1993 (73). To estimate health care costs for patients with benign nodules and for patients with malignant nodules who survived more than 5 years after diagnosis, we used age-specific, annual health care expenditures from the Consumer Expenditures Study (74).
Utilities
We adjusted life expectancy for quality of life by using age-and sex-specific utilities (preference-based weights for health states) from the Beaver Dam Health Outcomes study (75) and available data to estimate reductions in utility associated with regional and distant-stage lung cancer (76). We also adjusted life expectancy for time spent in the hospital and time spent having diagnostic procedures. When possible, we used data on average length of hospital stay to make these adjustments (71). Because we could not identify studies that measured utilities in patients with undiagnosed pulmonary nodules, we assumed that the relative utility for time spent during observation was normal and we used age-and sex-specific values. To account for the possibility that some patients might be uncomfortable not knowing whether a nodule was benign or malignant, we tested lower values in a sensitivity analysis.
Sensitivity Analysis
One-way, multiway, and probabilistic sensitivity analyses were performed to identify important model uncertainties. When possible, ranges for variables were based on reported or calculated 95% CIs for means and interquartile ranges for medians. For diagnostic accuracy, several points on summary ROC curves and their 95% confidence intervals were evaluated. Clinical judgment was used to determine ranges for utilities. For costs, ranges were determined by adding or subtracting 25% from the base-case estimate. To determine ranges for transition probabilities in the Markov model, 50% was added or subtracted from the base-case value because these estimates were highly uncertain.
We performed probabilistic sensitivity analysis by stratifying patients according to pretest probability and risk for surgical complications. We assigned logit-normal distributions to all costs and probabilities for all diagnostic test variables by using the method of Doubilet and colleagues (77) and performed 10 000 simulations by randomly sampling values from these distributions. We then recorded the number of simulations in which the strategy under consideration was cost saving (more effective and less expensive than the alternative) or economically attractive (more effective and with an incremental cost Ͻ $100 000 per QALY gained). For description of the software used in our analysis, see the Appendix (available at www.annals .org).
selective use of FDG-PET was highly effective for pulmonary nodule diagnosis, we found that it was most costeffective to use FDG-PET selectively, typically when pretest probability and CT results were discordant. Finally, we found that it was both highly effective and highly costeffective to use surgery and needle biopsy aggressively once the results of imaging tests were known.
In patients with low pretest probability (26%), watchful waiting was the least effective and least expensive strategy ( Table 1) . A strategy that used CT but not FDG-PET was much more effective and cost less than $11 000 per QALY gained relative to watchful waiting. However, two strategies that used FDG-PET selectively were even more effective and cost less than $50 000 per QALY gained. In both of these strategies, CT was performed as the initial test and FDG-PET was used when CT results were possibly malignant. Surgery was recommended when the results of FDG-PET were positive, and needle biopsy was recommended when FDG-PET results were negative. Another strategy that used CT and FDG-PET nonselectively in all * CE ϭ cost-effectiveness; CT ϭ computed tomography; FDG-PET ϭ positron emission tomography with 18-fluorodeoxyglucose; QALY ϭ quality-adjusted life-year. † Change in effectiveness Ͼ0, and change in cost Ͻ0 or CE ratio Ͻ$100 000/QALY. ‡ In strategy 7, QALYs were maximized when surgery was performed after a nondiagnostic biopsy. In strategies 12, 15, and 35, QALYs were maximized when observation was selected after a nondiagnostic biopsy. § In strategy 7, QALYs were maximized when surgery was performed after a nondiagnostic biopsy. In strategy 3, when CT results were indeterminate and biopsy results were nondiagnostic, QALYs were maximized when surgery was performed; when CT results were benign and biopsy results were nondiagnostic, QALYs were maximized when observation was selected. In strategies 6, 15, and 31, QALYs were maximized when observation was selected after a nondiagnostic biopsy. In strategy 19, QALYs were maximized when surgery was performed after a nondiagnostic biopsy. In strategy 17, QALYs were maximized when watchful waiting was selected after a nondiagnostic biopsy.
patients was most effective, but it cost almost $300 000 per QALY gained.
In patients with intermediate pretest probability (55%), watchful waiting was the least effective and least expensive approach (Table 1) . Three strategies that used CT without FDG-PET cost less than $20 000 per QALY gained. In the most effective of these strategies, surgery was performed when CT results were possibly malignant and needle biopsy was performed when CT results were benign. Two strategies that included FDG-PET were more expensive and only marginally more effective than CTbased approaches and therefore cost more than $220 000 per QALY gained.
In patients with high pretest probability (79%), watchful waiting was again the least effective and least expensive approach ( Table 1) . A strategy that used CT but not FDG-PET was much more effective and cost less than $7000 per QALY gained relative to watchful waiting. Three strategies that used FDG-PET selectively were even more effective and cost less than $70 000 per QALY gained. In all three strategies, surgery was recommended when CT results were possibly malignant and FDG-PET was recommended when CT results were benign. The most effective of these strategies used surgery when FDG-PET results were positive and needle biopsy when FDG-PET results were negative. Figure 1 shows the importance of pretest probability in greater detail. Use of FDG-PET cost less than $100 000 per QALY gained when pretest probability was low (10% to 50%) and CT results were possibly malignant or when pretest probability was high (77% to 89%) and CT results were benign. Both of these situations resulted in intermediate post-test probabilities (20% to 69%). Surgery was favored at higher post-test probabilities (Ն70%), biopsy was preferred at lower post-test probabilities (2% to 20%), and watchful waiting was preferred only at very low posttest probabilities (Ͻ2%). Surgery without any preliminary diagnostic testing was preferred when pretest probability was at least 90%. In patients at high risk for surgical complications, FDG-PET strategies cost less than $100 000 per QALY gained when post-test probability ranged between 35% and 84%.
Several other variables affected the choice of strategy for patients with intermediate pretest probability, including the sensitivity (but not the specificity) of CT, the probability of nondiagnostic needle biopsy in patients with malignant nodules, and patient preferences for time spent under observation. Uncertainty exists about the sensitivity of CT, in part because there are no widely accepted CT criteria for determining whether a nodule is possibly malignant or benign. When we assumed that the true sensitivity of CT was less than 92.5% (compared with the basecase value of 96.5%), a strategy that used FDG-PET selectively cost less than $70 000 per QALY gained. In this strategy, FDG-PET was used when CT results were benign and surgery was recommended when CT results were possibly malignant. The recommended sequence of tests when CT results are possibly malignant (top) and when CT results are benign (bottom) is shown. Subsequent test selection is shown to be a function of pretest probability and the corresponding post-test probability once the results of CT are known. Note that surgery is preferred when positron emission tomography (PET) results are positive, biopsy is preferred when PET results are negative, and watchful waiting is preferred when biopsy results are nondiagnostic. Recommendations are based on the assumption that society is willing to pay $100 000 per qualityadjusted life-year gained. Results were very similar when willingness to pay was assumed to be $25 000 or $50 000 per quality-adjusted life-year gained. FDG-PET ϭ positron emission tomography with 18-fluorodeoxyglucose.
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There is also uncertainty about the diagnostic yield of needle biopsy (because this depends on operator experience) and patient preferences for time spent in observation. Selective use of FDG-PET (when CT results were benign) cost less than $25 000 per QALY gained when we assumed that the probability of nondiagnostic needle biopsy in patients with malignant nodules was 19% (base-case value of 8%), or when the relative utility of the time spent in observation was assumed to be 0.97 or less (base-case value of 1.00). A relative utility of 0.97 implies that an individual would accept a 3% risk for instant death in order to know whether the nodule was malignant or benign.
The choice of strategy was not affected by varying other model parameters within the ranges tested, including the discount rate, the diagnostic accuracy of FDG-PET, or the cost of diagnostic tests (including FDG-PET). Similarly, the choice of strategy was not affected when we assumed that FDG-PET was 25% less sensitive and 16% more specific when CT results were benign, as has been observed in studies of FDG-PET and CT for mediastinal staging in patients with non-small-cell lung cancer (78).
Probabilistic sensitivity analysis showed that in patients with low and high pretest probability, FDG-PET strategies were cost saving or cost less than $100 000 per QALY gained in 76.7% and 99.9% of all simulations, respectively. For patients with intermediate pretest probability, FDG-PET strategies were cost saving or economically attractive in fewer than 25% of all simulations. Figure 2 outlines a clinical algorithm for managing patients with new, noncalcified pulmonary nodules that is based on our results. In patients with low pretest probability (10% to 50%), FDG-PET should be used selectively when CT results are possibly malignant. When FDG-PET results are positive, surgery is both highly cost-effective and slightly more effective than needle biopsy. When FDG-PET results are negative, needle biopsy is more effective than observation. This is because, although uncommon, false-negative results of FDG-PET have potentially serious consequences (such as delayed diagnosis and missed opportunities for curative surgery). When CT results are benign, observation or needle biopsy should be used. Our analysis suggests that the latter approach is slightly more effective.
Clinical Recommendations
For patients with intermediate pretest probability (51% to 76%), we recommend surgery or needle biopsy when CT results are possibly malignant and needle biopsy or observation when CT results are benign (Figure 2) . More aggressive use of surgery and needle biopsy results in slightly better health outcomes and slightly higher costs. The choice between more or less aggressive approaches should depend on factors such as the risk for surgical complications, the expected yield of needle biopsy, and patient preferences. For example, in patients who have severe comorbid conditions that increase the risk of surgery, it may be preferable to establish a malignant diagnosis with needle biopsy before sending the patient to surgery.
For patients with high pretest probability (77% to 90%), we recommend surgery when CT results are possibly malignant, unless the patient is at very high risk for operative complications (Figure 2) . Patients should undergo FDG-PET when CT results are benign. When FDG-PET results are positive, surgery should be performed. When FDG-PET results are negative, needle biopsy is marginally more effective than watchful waiting, although some clinicians might prefer observation in this situation.
DISCUSSION
Pulmonary nodule diagnosis is challenging because the clinician and patient must consider many factors when discussing management options, including the risks and benefits of several possible diagnostic tests, patient preferences for invasive and noninvasive procedures, and the uncertain consequences of delayed diagnosis when watchful waiting is used as a management strategy. In this analysis, we used quantitative methods to synthesize these and other factors.
Pulmonary nodule diagnosis should always begin with a careful review of the chest radiograph and comparison with previous radiographs. Most experts agree that if a central, laminated, diffuse, or popcorn pattern of calcification is seen, a benign diagnosis is likely and observation with serial radiographs is appropriate (1, 79) . Likewise, because doubling times for malignant nodules rarely exceed 700 days, 2-year radiographic stability strongly implies a benign cause. In the absence of benign calcification or documented radiographic stability, the clinician should estimate the pretest probability of malignancy. Once these steps have been taken, our findings can be used to guide subsequent management.
We confirmed that CT should be the initial test in the management of nearly all patients with pulmonary nodules. Computed tomography is inexpensive and noninvasive and may be highly specific for identifying some benign nodules. In contrast, FDG-PET as the initial test is never economically attractive. We also found that the choice of subsequent tests depends most critically on the pretest probability of malignancy and the risk for surgical complications. Other potentially important factors include the sensitivity of CT, the probability of nondiagnostic needle biopsy, and patient preferences for time spent in watchful waiting.
Although FDG-PET strategies were highly effective over a wide range of pretest probabilities, these strategies were not necessarily cost-effective. Our results indicate that FDG-PET should be used selectively when pretest probability and CT results are discordant; in these cases, post-test probability will be intermediate. Selective use of FDG-PET limits costs by reducing the total number of FDG-PET studies performed and ensures that FDG-PET is used when the The algorithm pertains to patients with low (10% to 50%), intermediate (51% to 76%), and high (77% to 90%) pretest probability of malignancy. Note that in patients with very low pretest probability (Ͻ10%), biopsy is preferred when computed tomography (CT) results are possibly malignant and watchful waiting is preferred when CT results suggest a benign diagnosis. In patients with very high pretest probability (Ͼ90%), surgery without diagnostic testing is the preferred strategy. FDG-PET ϭ positron emission tomography with 18-fluorodeoxyglucose.
Academia and Clinic Cost-Effectiveness of Pulmonary Nodule Management diagnosis is most in doubt. Table 2 summarizes specific recommendations on when to use CT, FDG-PET, watchful waiting, needle biopsy, and surgery.
Our results support and extend the findings of other studies. In a decision analysis that did not consider costs, Cummings and colleagues (9) found that the choice of strategy depended on the pretest probability of malignancy. Watchful waiting was preferred over biopsy when the probability of cancer was less than 3%, and surgery was preferred over biopsy when the probability of cancer was greater than 68%. Our threshold values for watchful waiting and surgery were very similar to theirs, despite the fact that they made less pessimistic assumptions about the consequences of delayed diagnosis in patients with malignant nodules who were managed by observation. We extend their work by demonstrating that FDG-PET replaces needle biopsy when the post-test probability of malignancy ranges from 20% to 69%. In a recent cost-effectiveness analysis based on reimbursement rates in Germany, Dietlein and colleagues (80) reported that their threshold for performing surgery instead of FDG-PET occurred at a similar probability of 75%. In another cost-effectiveness analysis, results for patients with low pretest probability were similar to ours, although we recommend strategies in patients with intermediate and high pretest probability that these authors did not consider (81).
Our analysis has several limitations. First, the natural history of untreated malignant pulmonary nodules is not known. We modeled the consequences of delayed diagnosis when watchful waiting was used in patients with malignant nodules. Few empirical data exist to validate our model. However, our results were very similar when we adopted Cummings and colleagues' less pessimistic assumptions about the consequences of delayed diagnosis.
Second, our base-case analysis assumed that test performance was conditionally independent, or that the sensitivity and specificity of FDG-PET did not differ depending on the results of CT. Although FDG-PET and CT identify malignant nodules by different mechanisms, their results might be correlated. For example, our group and others have observed that, when used for mediastinal staging in patients with non-small-cell lung cancer, FDG-PET is less sensitive and more specific when CT findings are negative (78, 82). We are not aware of any data on the conditional performance of these tests for pulmonary nodule diagnosis. In fact, most studies of FDG-PET limited enrollment to participants with possibly malignant findings on CT. Thus, our base-case estimates of sensitivity and specificity for FDG-PET best reflect its performance when CT results are possibly malignant, and concerns about conditional test performance do not compromise our recommendation to use FDG-PET selectively when pretest probability is low and CT results are possibly malignant. Still, if FDG-PET is less sensitive and more specific than our basecase estimates when CT results are benign, this could raise doubts about our recommendation to use FDG-PET when pretest probability is high. However, sensitivity analysis showed that our results did not change when we assumed that the sensitivity of FDG-PET was as low as 50% in patients with benign results on CT. Improving the specificity of FDG-PET would only strengthen the recommendation to use it in this setting.
Our analysis did not consider several other potential benefits of FDG-PET imaging. Use of FDG-PET is more accurate than CT for detecting regional lymph node metastases (82, 83), which occur in approximately 12% of patients with T1 lung cancer (12) (13) (14) (15) (16) (17) (18) (19) , and may also detect occult distant metastases (82). Finally, future advances in FDG-PET technology may improve accuracy or reduce costs. Several groups have recently described an FDG im- * CT ϭ computed tomography; FDG-PET ϭ positron emission tomography with 18-fluorodeoxyglucose. † In this situation, we recommend that serial CT rather than chest radiography be performed every 3 to 6 months for at least 2 years. ‡ In these situations, transthoracic needle biopsy is slightly more effective and marginally more expensive than watchful waiting. § Surgery should be performed only after an appropriate staging evaluation has been completed. When the risk for surgical complications is high, surgery is preferred when pretest probability is Ն65% and CT results are possibly malignant.
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Cost-Effectiveness of Pulmonary Nodule Management aging technique that does not require a dedicated PET scanner but rather performs coincidence imaging by using a modified dual-detector gamma camera (84 -87). While this technique is less expensive than FDG imaging with a dedicated PET scanner, its diagnostic accuracy has not been evaluated in large, well-designed studies.
We conclude that patients with new, noncalcified pulmonary nodules should first be classified according to pretest probability and the risk for surgical complications, after which CT should be performed. For patients who are at average risk for surgical complications, FDG-PET should be used selectively when pretest probability and CT results are discordant. For patients at high risk for surgical complications with low or intermediate pretest probability, FDG-PET should be used when CT results are possibly malignant. In most other circumstances, CT-based strategies result in similar quality-adjusted life expectancy and lower costs. 
APPENDIX
In this appendix, we describe in greater detail the methods and results of our analysis of alternative management strategies for patients with solitary pulmonary nodules. Readers should consult the print version of the manuscript for background information, results of the base-case analysis, results of one-way sensitivity analysis, and a discussion of the results. We focus on describing the assumptions of the Markov model that we used to estimate long-term costs and outcomes for patients with malignant pulmonary nodules. In addition, we provide detailed information regarding studies of diagnostic test performance and a critique of their methods, as well as more information regarding our sources of data for cost and utility estimates. Finally, we present selected results that did not appear in the print version of the manuscript because of space limitations, including complete results of probabilistic sensitivity analysis.
Methods
The target population for this analysis was all adult patients found to have a new, noncalcified solitary pulmonary nodule on chest radiograph and no known extra-thoracic malignancy. We assumed that there was no absolute contraindication to invasive biopsy or surgery, because patients with such contraindications would not be likely to undergo aggressive diagnostic evaluation.
Decision Model Structure and Assumptions
Appendix Figures 1 and 2 illustrate the structure of the decision model. The model compared 40 clinically plausible sequences of five diagnostic interventions: CT, FDG-PET, transthoracic needle biopsy, surgery, and watchful waiting. Appendix Table 2 is a complete list of strategies. We evaluated all plausible sequences of diagnostic tests to compare strategies with the next most effective alternative when making cost-effectiveness comparisons. Comparing an intervention with a suboptimal alternative may result in overestimating the intervention's true costeffectiveness (10) . In addition, strategies that might seem to be counterintuitive often prove to be highly cost-effective under certain conditions.
The order of possible test sequences was unconstrained, with two exceptions. First, CT and FDG-PET were never performed after needle biopsy or surgery, because performing an imaging test after an invasive diagnostic procedure would be unusual. Similarly, needle biopsy and observation were never performed after surgery. Computed tomography, FDG-PET, needle biopsy, surgery, or watchful waiting could be selected as the initial diagnostic intervention (Appendix Figure 1) .
We assumed that most biopsies were performed under CT guidance, but fluoroscopic guidance was used in test sequences that did not include CT. We considered needle biopsy to be nondiagnostic unless a specific benign or malignant diagnosis was obtained. We assumed that surgery would be performed if the biopsy revealed malignancy. If the biopsy revealed a specific benign diagnosis, we assumed that the patient would be managed accordingly. After a nondiagnostic needle biopsy, either surgery or watchful waiting could be selected as the next diagnostic intervention (Appendix Figure 2) .
A final diagnosis was established at the time of surgery or, alternatively, after 24 months of observation. In the observation (watchful waiting) strategy, serial chest radiographs were obtained at 1, 2, 4, and 6 months, and every 3 months thereafter. We assumed that surgery would be performed if nodule growth was detected at any time. If no growth was observed after 24 months, we assumed that the nodule was benign. It is important to note that the optimal timing of serial radiographs has not been determined. However, in our protocol, imaging was used more frequently than the protocol recommended by the Early Lung Cancer Action Project (ELCAP) investigators, who recommended that CT be performed at 3, 6, 12, and 24 months after identification of nodules that measured less than 1 cm in diameter (88). Furthermore, we assumed that chest radiography had a sensitivity of 100% for detecting growth, defined as one doubling in tumor volume or a change in nodule size from 2 cm to 2.5 cm in diameter. We believe that by making this assumption, the modeled performance of chest radiography compares favorably with the actual performance of CT in everyday practice. In addition, we suspect that chest radiography is more widely used than CT in practice settings for watchful waiting in patients with nodules that measure 2 cm in diameter. However, because of the better spatial resolution of CT and the difficulty in detecting growth in small pulmonary nodules, we believe that CT should be used for watchful waiting in patients with nodules that measure less than 1 cm to 1.5 cm in diameter.
Modeling Long-Term Costs and Clinical Outcomes
We developed a state-transition (Markov) model to estimate long-term outcomes and costs for patients with malignant and benign pulmonary nodules ( Appendix Figure 3) . The model followed individual patients in the hypothetical study cohort over their remaining life span. Individuals were assumed to make transitions from one health state to another over time. Before the time of diagnosis, all patients were considered to be in the "unknown" health state, reflecting the unknown nature of the diagnosis. Within this state, patients with malignant nodules who were managed by watchful waiting were at risk for disease progression from local to regional disease and from regional to distant disease during the observation period. At the time of diagnosis, patients were assumed to transition from the "unknown" state to one of three other health states ("benign," "local," or "regional"), depending on the diagnosis and stage of disease. We assumed that all patients with malignant nodules eventually underwent surgery, although surgery was inevitably delayed in patients whose management strategy included watchful waiting. After surgery, all patients with local-stage malignant disease were at risk for recurrence. Similarly, patients with regional-stage disease were at risk for disease progression. Patients who remained in the "local" and "regional" health states for 5 years after the time of diagnosis were considered to be free of cancer (89). After this time, we assumed that life expectancy was normal for age. We assumed that all patients with distant-stage lung cancer eventually died of their cancer, if they did not die first of some other cause.
Determining Markov Model Transition Probabilities
To estimate the monthly probability of cancer recurrence for patients with malignant pulmonary nodules, we constructed survival curves for 1207 Medicare beneficiaries with surgically treated, local-stage, malignant pulmonary nodules (T1N0M0) from the SEER tumor registry for 1990 to 1993 (11). We assumed that some patients would have recurrent disease and then die of cancer and that the remainder would eventually die of other causes. We estimated the monthly probability of death from recurrent lung cancer by using SEER tumor registry data for 10 835 Medicare beneficiaries with distant-stage disease. We determined the monthly probability of death from other causes by using age-specific values from 1996 U.S. life tables (90). We assumed that the probability of recurrence decreased gradually over time. We then identified monthly probabilities of recurrence that produced a modeled survival curve that most closely approximated observed survival in the SEER cohort. We fit this curve by minimizing the sum of the squared differences between points representing the probability of survival at years 1 through 5. Appendix Figure 4 shows the survival curve for the observed cohort and modeled survival when probabilities of recurrence were set at our base-case values (Appendix Table 1 ).
We used an identical procedure to estimate the monthly probability of progression from regional to distant-stage lung cancer. We approximated a survival curve for a cohort that included 1954 Medicare enrollees with pathologically confirmed, regional-stage lung cancer (any T N1-3 M0) from the SEER registry. Appendix Figure 4 shows observed and modeled survival when probabilities of progression from regional to distant disease were set at our base-case values (Appendix Table 1 ).
Determining the Probability of Disease Progression during Watchful Waiting
We used similar methods to model the monthly probability of disease progression during watchful waiting. We assumed that monthly probabilities for disease progression depended on the doubling time of the nodule, a measure of the tumor growth rate. We used data from the Veterans Administration-Armed Forces Cooperative Study on Asymptomatic Pulmonary Nodules to estimate the distribution of doubling times for malignant nodules (20) . The mean doubling time was 5.24 months (median, 4 months).
To predict life expectancy for patients with malignant nodules with different doubling times, we adopted a simple model of the natural history of lung cancer (91-93). The model assumes that a tumor starts as a single cell that measures 10 microns in diameter and doubles in volume at a constant rate. Under these assumptions, a nodule that measures 2 cm in diameter has doubled in volume 33 times. It is further assumed that death occurs, on average, after 40 tumor doublings when the diameter of the tumor measures 10 cm. The model predicts that in the absence of treatment, life expectancy is 36.7 months for a patient with a 2-cm nodule that doubles in volume every 5.24 months. Because empirical data on the natural history of untreated malignant nodules are lacking, we validated this prediction by surveying a group of academic clinicians for their expert opinion. We asked a convenience sample of 21 internists, pulmonary specialists, and thoracic surgeons to estimate the life expectancy of an otherwise healthy, 62-year-old man with a 2-cm malignant pulmonary nodule who declined treatment, assuming that the growth rate of the nodule was average. Estimated mean life expectancy (ϮSD) was 35.12 Ϯ 16.33 months (median, 32 months), which closely agreed with what the model predicted (Gould MK. Unpublished data).
We used the declining exponential approximation of life expectancy (DEALE) to construct survival curves for patients who had nodules with different doubling times (94, 95). The DEALE assumes that survival is approximated by a simple declining exponential function. Under the assumptions of the DEALE, life expectancy is the reciprocal of the average compound mortality rate. A life expectancy of 36.7 months corresponds to a constant mortality rate of 0.327 per year. Predicted survival (S) at time (t) is given by the formula: S ϭ e Ϫrt , where r is the mortality rate, and t is measured in years. For example, when r ϭ 0.327, the 1-year survival rate is 72.1%, and the 5-year survival rate is 19.5%.
To determine the monthly probability of disease progression, we assumed that untreated lung cancer progresses sequentially from local to regional to distant disease and then to death. We assumed that the transition probabilities for local to regional disease and regional to distant disease were equal. We determined the monthly probability of death from distant lung cancer and the probability of death from other causes by using data from the SEER tumor registry and U.S. life tables, respectively. We then identified transition probabilities that produced survival curves that most closely approximated the curves that we obtained by using the natural history model and the assumptions of the DEALE. To fit these curves, we minimized the sum of the squared differences between points representing the probability of survival at years 1 through 5. In the case of a malignant nodule with a doubling time of 5.24 months, we calculated that the monthly probability of progression from local to regional disease during the observation period was 8.4%. Appendix Figure 5 shows the distribution of doubling times for malignant pulmonary nodules and the corresponding transition probabilities that we derived.
Other investigators have used a different approach to estimate the negative consequences of delayed diagnosis in patients with malignant nodules who were managed by observation. Cummings and colleagues (9) observed that there was a linear relationship between tumor size and survival after resection of malignant lung tumors. The relationship that they observed was described by the equation r ϭ (0.039 ϫ d) -0.0145, where r is the disease-specific mortality rate (which is assumed to be constant over time) and d is the diameter of the nodule in centimeters. Like us, they assumed that growth would be detected when the nodule doubled once in volume (for example, in a patient with a nodule that measured 2 cm in diameter, growth would be detected when the nodule measured 2.5 cm in diameter). Under these assumptions, they estimated that 5-year survival would be reduced by 5% in patients who were managed by observation at some point in their evaluation. Using the same set of assumptions, Gambhir and colleagues (81) calculated that life expectancy for a 64-year-old man with a 2.5-cm nodule would be reduced by 14%, from 6.62 years to 5.67 years, if diagnosis and treatment were delayed by one doubling time. The main limitation of these previous analyses is that the linear relationship between tumor size and survival was derived from studies in which the definition of pulmonary nodules included lesions that measured up to 6 cm in diameter (96, 97). In one of the studies, almost 40% of patients had pulmonary masses 3.5 cm to 6 cm in diameter (98). Recent evidence suggests that nodule diameter may not predict survival within the subgroup of patients with malignant nodules that measure no more than 3 cm in diameter, who are the focus of our analysis (99).
Data and Assumptions
We derived estimates for patient and nodule characteristics, diagnostic testing variables, costs, and utilities from clinical and administrative data sources (Appendix Table 1 ). Estimates of the diagnostic accuracy of FDG-PET imaging were obtained from a published meta-analysis, whose methods and results are summarized below (22) . A single reviewer evaluated most studies of CT, needle biopsy, and surgery. For these tests, we used a descriptive approach to highlight aspects of study quality.
Patient and Nodule Characteristics. Our base-case analysis considered a hypothetical cohort of 62-year-old men and women because in eight recent studies of FDG-PET for pulmonary nodule diagnosis, roughly 60% of the participants were men and the mean age was 61.8 years (25-28, 30, 31, 33, 35) . The base-case analysis assumed that the pulmonary nodule measured 2 cm in diameter. We assumed that 12.5% of patients with malignant nodules would have regional lymph node involvement, based on the median prevalence of mediastinal metastases in eight studies of CT for mediastinal staging in patients with stage T1 bronchogenic carcinoma (12) (13) (14) (15) (16) (17) (18) (19) . The monthly probability that a benign nodule would grow in the first month was 28%, based on the median proportion of benign nodules that were caused by an acute or subacute inflammatory process in 10 recent studies of FDG-PET for pulmonary nodule diagnosis (23, 25-28, 30, 32-35) . Because most benign nodules grow rapidly or not at all, the monthly probability that a benign nodule would grow in subsequent months was assumed to be 0.5%.
Diagnostic Test Performance: FDG-PET. To determine the diagnostic accuracy of FDG-PET, we performed a meta-analysis. Although our methods and results have been published elsewhere (22), we summarize them below. Our computerized search strategy is outlined in Appendix Table 3 . We identified 13 studies of FDG-PET that enrolled 450 patients with pulmonary nodules (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . The number of participants ranged between 19 and 100, and the mean age of participants ranged between 58 and 71 years (Appendix Table 4 ). The median prevalence of malignancy was 65.8% (range, 46% to 79%). Six studies limited enrollment to participants with pulmonary nodules (25, 30 -32, 34, 35) . Seven other studies enrolled more heterogeneous groups of patients with pulmonary nodules and larger mass lesions but provided separate results for participants with pulmonary nodules (23, 24, 26 -29, 33) . We only used data from participants with pulmonary nodules to perform quantitative analyses.
To identify high-quality studies, we adapted criteria for methodologic quality proposed by Kent and colleagues (100), who evaluated imaging tests to diagnose lumbar spinal stenosis. These criteria have also been used to assess the quality of studies of polymerase chain reaction to diagnose HIV infection (37, 101) . The revised criteria cover seven dimensions: technical quality of the index test, technical quality of the reference test, independence of test interpretation, description of the study sample, cohort assembly, sample size, and unit of data analysis. Eleven of 13 studies satisfied at least 70% of our study quality criteria (24 -33, 35) . The other two studies satisfied between 50% and 69% of our criteria (23, 34) . Most studies met our criteria for the technical quality of FDG-PET, although three studies administered doses of FDG that were lower than recommended (34, 35, 102) , and three studies did not specify whether participants were examined in the fasting state (23, 25, 27) . All studies but one adequately described reference tests that were used to confirm the presence of malignancy or to establish a benign diagnosis (23) . Three studies did not report whether FDG-PET readers were blinded to the results of the reference test (23, 30, 34) , and several studies did not indicate whether FDG-PET readers were blinded to the clinical characteristics of the participants and other radiographic data. All studies prospectively enrolled a relevant cohort of participants, and all but two studies indicated that the individual patient was the unit of the analysis (27, 35) .
To quantitatively summarize study results, we used a metaanalytic method to construct a summary ROC curve for FDG-PET (36, 37) . The ROC curves illustrate the tradeoff between sensitivity and specificity as the threshold for defining a positive test result varies from most stringent to least stringent. Our metaanalytic method rests on the assumption that individual study estimates of sensitivity and specificity represent unique points on a common ROC curve.
For each study, we constructed 2 ϫ 2 contingency tables in which all participants were classified as being FDG-PET-positive or -negative and as having a malignant or benign pulmonary nodule. We calculated the true-positive rate (TPR ϭ sensitivity), the false-positive rate (FPR ϭ 1 -specificity) and the log odds ratio (log odds TPR -log odds FPR). The log odds ratio is a measure of diagnostic test performance that accounts for the fact that the TPR and FPR are positively correlated. Next, we logistically transformed the TPR and FPR and fit a summary ROC curve with linear regression, by using the log odds ratio as the dependent variable and an implied function of the test threshold (log odds TPR ϩ log odds FPR) as the independent variable (36) .
A limitation of this method is that the transformation requires the use of a correction factor when the 2 ϫ 2 table for a study contains one or more zero values (that is, when reported sensitivity or specificity are perfect). An advantage of the method is that it provides a statistical test of the hypothesis that the variance in the group with malignant disease and the variance in the group without malignant disease are equal. The variances are not equal when the slope of the regression line is significantly different from zero. When the slope is not significantly different from zero, the resulting ROC curve is symmetrical and can be described by a common or summary log odds ratio. When this condition was met, we used the Mantel-Haenszel method for pooling odds ratios because this method does not require a correction factor (103). The two methods produced nearly identical results. Estimates of uncertainty were derived by using the Mantel-Haenszel method and were expressed in terms of 95% CIs.
In the 13 studies, the mean sensitivity and specificity were 93.9% and 85.8%, and the median sensitivity and specificity were 98.0% (interquartile range, 90% to 100%) and 83.3% (interquartile range, 80% to 100%). Appendix Figure 6 displays the summary ROC curve for FDG-PET. For our base-case estimates, we selected an operating point on the ROC curve that corresponded to the median specificity of FDG-PET in the 13 studies. We used the median specificity because we wanted to estimate where FDG-PET operates in current practice. Other approaches are possible, but not necessarily better. At this point on the ROC curve, sensitivity and specificity were 94.2% (95% CI, 89.1% to 97.0%) and 83.3%, respectively (22) .
Diagnostic Test Performance: CT. To determine the diagnostic accuracy of CT, we searched MEDLINE for English-language studies published before January 2000 by combining the MeSH term tomography, X-ray computed with a list of MeSH terms and keywords for lung cancer and pulmonary nodules. In addition, we scanned the reference lists of retrieved studies and review articles. We updated this literature search in November 2001. We identified 18 studies of CT for the diagnosis of focal pulmonary lesions (Appendix Tables 5 to 7) (2-4, 38 -47, 104 -108). Interpreting the literature on CT is challenging because several different techniques have been described, including noncontrast CT, CT densitometry, high-resolution CT, and CT with nodule enhancement. In addition, many of the studies were performed more than 10 to 20 years ago.
We identified nine studies that evaluated noncontrast CT or CT densitometry (4, 38 -45), two studies that evaluated highresolution CT (46, 47) , and one study that evaluated both CT densitometry and high-resolution CT (2) (Appendix Tables 5  and 6 ). Computed tomography densitometry attempts to identify benign nodules on the basis of increased density characteristics that suggest occult calcification. In past years, a reference "phantom" was used to account for inter-and intrascanner differences in measuring nodule density, but this is no longer used in clinical practice. More recent studies of thin-section (highresolution) CT have used different criteria to distinguish benign from malignant nodules (Appendix Table 6 ). One study used a set of criteria that proved to be sensitive but not specific for identifying malignancy (47) , while another study used criteria that were more specific and less sensitive (46) .
Studies of noncontrast CT and high-resolution CT enrolled between 35 and 720 participants, and most pulmonary lesions measured 3 cm or less in diameter (Appendix Tables 5 and 6 ). The prevalence of malignancy varied greatly, ranging between 15% and 78%. All but two studies reported the technical characteristics of the CT examinations in detail (43, 45) . However, only three studies reported prospective enrollment of participants (2, 45, 47) , and only one study reported that CT readers were blinded to the final diagnosis (47) . In the other studies, these aspects of study design were not mentioned. All studies used acceptable reference tests to confirm a diagnosis of malignancy. Most studies required at least 18 months of clinical and radiographic follow-up for confirmation of benign disease without histologic proof, but four studies permitted shorter follow-up periods (38 -40, 45) .
Several studies have examined functional or dynamic imaging with CT (3, 104 -108). In these studies, dynamic enhancement of lung nodules with iodinated contrast material is thought to identify increased vascularity that is strongly associated with malignancy (Appendix Table 7 ). In a recent multicenter study involving 356 participants, Swensen and colleagues (108) found that absence of enhancement strongly predicted a benign cause. The sensitivity and specificity of dynamic CT for identifying malignancy were 98% and 58%, respectively. Although this test is extremely promising, it is not widely used outside of research settings. In addition, it is used only when the nodule is radiographically indeterminate (for example, when thin-section CT shows no evidence of calcification). We chose to derive estimates for the sensitivity and specificity of CT from studies of CT densitometry and high-resolution CT, despite their limitations, because we aimed to examine the incremental benefits and costs of adding FDG-PET imaging to diagnostic strategies in current use. However, we also examined the potential role of dynamic CT with nodule enhancement in a sensitivity analysis.
In 12 studies of noncontrast CT and high-resolution CT, the mean sensitivity and specificity were 92.5% and 53.6% and the median sensitivity and specificity were 99.2% (interquartile range, 91% to 100%) and 55.8% (interquartile range, 45% to 60%). To derive base-case estimates of sensitivity and specificity, we used the same meta-analytic method that we used for studies of FDG-PET to construct a summary ROC curve for CT (Appendix Figure 7) . Because the variance in the group with malignant disease and the variance in the group with benign disease were not equal, we used the method of Moses and colleagues (36) to obtain our base-case values and estimates of uncertainty. For our base-case estimates, we selected an operating point on the ROC curve that corresponded to the median specificity in the studies. At this point on the ROC curve, the sensitivity and specificity for identifying malignant nodules were 96.5% (CI, 80.9% to 99.5%) and 55.8%, respectively. We obtained similar results when we restricted our analysis to more recent studies of high-resolution CT. In this analysis, sensitivity and specificity were 96.5% (CI, 82.9% to 99.4%) and 58.5%, respectively.
In the radiology literature, the term "indeterminate" designates a positive CT result and the term "benign" designates a negative CT result. Because "indeterminate" is a potentially confusing term, we use the phrase "possibly malignant" to describe indeterminate, or positive, results. Benign nodules typically have smooth borders and diffusely increased density, suggesting the presence of calcification. It is important to note that this definition implies that most pulmonary nodules will be indeterminate (or possibly malignant) by CT criteria.
Conditional Performance of FDG-PET and CT.
In the basecase analysis, we assumed that the results of FDG-PET and CT were independent, or that the sensitivity and specificity of FDG-PET were the same regardless of the results of CT. This implies that the test results are not correlated. This is plausible because CT and FDG-PET characterize nodules by distinct mechanisms: FDG-PET identifies malignant nodules on the basis of increased glucose uptake and metabolism, while CT sometimes identifies benign lesions on the basis of density characteristics that suggest calcification. However, in previous work that examined imaging tests for mediastinal lymph node staging in patients with nonsmall-cell lung cancer, we found that the sensitivity and specificity of FDG-PET for identifying mediastinal metastases depended on the results of CT (78). More specifically, FDG-PET was 25% less sensitive and 16% more specific when CT revealed no lymph node enlargement relative to when CT detected enlarged nodes. Nevertheless, this relationship may not hold true for pulmonary nodule diagnosis because CT identifies lymph node metastases based on size criteria, rather than by density characteristics, as is true for pulmonary nodules.
Although data on the conditional performance of FDG-PET and CT for mediastinal staging have been published, we could not identify any studies that examined the conditional performance of FDG-PET and CT to diagnose pulmonary nodules. In fact, most studies of FDG-PET for pulmonary nodule diagnosis excluded participants with nodules that appeared benign on CT and limited enrollment to participants with CT findings that were possibly malignant. Thus, our base-case estimates of sensitivity and specificity apply directly when CT results are indeterminate and less well when CT results are benign. However, to explore the potential importance of the independent test assumption, we performed a sensitivity analysis in which we assumed that the conditional performance of FDG-PET and CT for pulmonary nodule diagnosis was similar to their conditional performance for mediastinal staging. We tested even more extreme values of the sensitivity and specificity of FDG-PET when CT results were benign.
Diagnostic Test Performance: Needle Biopsy. To determine the diagnostic accuracy of CT-guided needle biopsy and the risk for biopsy-related complications, we searched MEDLINE for English-language studies published before January 2000 by combining the MeSH term biopsy, needle with a list of MeSH terms and keywords for lung cancer and pulmonary nodules. We also scanned the reference lists of retrieved studies and review articles. We updated this literature search in November 2001. We included studies that limited enrollment to participants with pulmonary nodules that measured no more than 4 cm in diameter, as well as studies that reported results separately for participants with pulmonary nodules. We excluded studies that used means other than CT guidance for localizing nodules in more than 10% of participants. We identified nine studies that met these criteria (27, 48 -55) (Appendix Table 8 ). Another study was excluded because we strongly suspected that it presented previously reported data (109).
The studies enrolled between 22 and 220 participants with pulmonary nodules. Two studies included patients with pulmonary nodules that measured up to 4 cm in diameter (48, 49) , while the remaining studies reported results for patients with nodules that measured less than 1.5 to 3 cm in diameter. The prevalence of malignancy was very high, ranging from 62% to 85%. All studies except one described in detail the technical aspects of how needle biopsies were performed (27) . There was little heterogeneity across studies regarding biopsy methods. Specimens were obtained for cytologic examination in all of the studies, but core biopsies were also performed in two studies (54, 55) . In four studies, benign diagnoses that were not verified by surgery or autopsy were confirmed by clinical follow-up of at least 15 to 24 months, and malignant diagnoses were established by surgery, autopsy, or, in the case of nodules due to metastasis, cytologic characteristics that were similar to those of the primary tumor (50 -52, 55 ). The remaining studies described less optimal reference standards. Three studies reported that consecutive patients were enrolled prospectively (51, 54, 55) . In one study, 105 eligible patients were excluded from the analysis because the final diagnosis could not be established (50) . None of the studies mentioned whether the pathologist who was responsible for interpreting the biopsy results was blinded to the final diagnosis. We used data from all nine studies to obtain base-case estimates of diagnostic accuracy and the risk for complications because results across studies were remarkably consistent (Appendix Table 8 ).
Results of studies that used optimal reference tests were not significantly different from results of studies that used less optimal reference standards (P Ͼ 0.2).
We collected data on the percentage of biopsies that were diagnostic or nondiagnostic. Diagnostic biopsies were defined as those that yielded a specific malignant or benign diagnosis. Nondiagnostic biopsies included biopsy results that were atypical or suspicious for malignancy, as well as those that were described as "nonspecific benign." The median percentage of diagnostic biopsies in the nine studies was 80% (interquartile range, 75% to 87%). The median percentage of diagnostic biopsies in nodules that proved to be malignant was 92% (interquartile range, 81% to 94%), and the median percentage of diagnostic biopsies in nodules that proved to be benign was 56% (interquartile range, 47% to 77%). Thus, nondiagnostic biopsies provided some diagnostic information because nondiagnostic results were much more likely to occur in benign lesions.
Because we thought it was important to account for nondiagnostic biopsies in our analysis, we modeled the diagnostic accuracy of transthoracic needle biopsy in two steps. The initial step determined whether the biopsy was diagnostic or nondiagnostic. If the biopsy was nondiagnostic, the model calculated the post-test probability that the nodule was benign or malignant, based on the conditional probability of these diagnoses after a nondiagnostic biopsy. If the biopsy yielded a specific benign or malignant diagnosis, a second step determined whether that diagnosis was correct (true-positive or true-negative) or not (falsepositive or false-negative). Thus, estimates of sensitivity and spec-ificity for needle biopsy were conditioned on obtaining a specific benign or malignant diagnosis.
We used the same meta-analytic method that we used for studies of FDG-PET to construct a summary ROC curve for CT-guided needle biopsy when a specific benign or malignant diagnosis was revealed. Because this ROC curve was symmetrical, we used the Mantel-Haenszel method to obtain base-case values and estimates of uncertainty. For our base-case estimates, we selected an operating point on the ROC curve that corresponded to the mean sensitivity of needle biopsy in the nine studies. At this point on the ROC curve, sensitivity and specificity were 96.3% (CI, 82.4% to 99.3%) and 98%, respectively. We used the mean sensitivity because the median sensitivity and specificity were 100%, which would have implied that specificity (or sensitivity) was 0%.
Our literature search yielded three studies of needle biopsy performed under fluoroscope guidance in which enrollment was limited to participants with pulmonary nodules (56 -58) . In one study with a very high prevalence of malignancy (80%), the diagnostic yield of fluoroscope-guided needle biopsy was 84% for nodules that measured 2 to 4 cm in diameter (56) . However, in two other studies with a lower prevalence of malignancy, the diagnostic yield was only 36% to 43% (57, 58) . We assumed that the diagnostic yield of fluoroscope-guided needle biopsy was 10% lower than the yield of CT-guided biopsy, but that sensitivity and specificity were the same as for CT-guided biopsy, provided that the biopsy yielded a specific benign or malignant diagnosis.
The most important potential complication of transthoracic needle biopsy is pneumothorax. In the nine studies of CT-guided biopsy, the median prevalence of minor pneumothorax was 24% (interquartile range, 20% to 35%) and the median prevalence of major pneumothorax requiring chest tube drainage was 5% (interquartile range, 4% to 11%). We assumed that the probability of death from needle biopsy was 0.05% because no deaths were reported in more than 750 reported procedures.
Diagnostic Test Performance: Surgery. Because excisional biopsy is the gold standard for determining whether a lung nodule is benign or malignant, we assumed that video-assisted thoracoscopic surgery (VATS) was 100% sensitive and specific for pulmonary nodule diagnosis. This implies that our analysis is limited to patients with peripheral nodules that are amenable to VATS. We assumed that VATS would be converted to a full thoracotomy with lobectomy for resection of malignant nodules, as is standard practice in most centers.
To estimate the rates of fatal and nonfatal complications for surgical procedures, we searched MEDLINE for Englishlanguage studies published before January 2000 by combining the MeSH headings thoracotomy and thoracoscopy with a list of MeSH terms and keywords for pulmonary nodules and lung cancer. We identified 18 studies of VATS. We excluded 10 studies that described major lung resections (usually lobectomy) that were performed through VATS, because this procedure is performed only in specialized centers by highly experienced thoracic surgeons and because the risk for complications associated with these more extensive procedures is likely to be higher (110 -119).
We also excluded three studies that enrolled substantial numbers of participants who underwent VATS for indications other than pulmonary nodule diagnosis, such as pulmonary fibrosis, empyema, and recurrent pneumothorax (120 -122) and two studies that did not report rates of specific complications (123, 124). The remaining four studies enrolled between 30 and 300 patients who underwent VATS wedge resection for pulmonary nodule diagnosis (59, 63, 65, 67) . One study specified that consecutive patients were enrolled (59), two studies were retrospective case series, and one study involved voluntary reporting to a French registry (65) . The mean age of participants ranged between 54 and 69 years.
In the four studies, the probability of serious, nonfatal complications ranged between 3% and 13%. Because sample size varied considerably across studies, we calculated the weighted mean probability of a nonfatal complication by first performing an arcsine transformation to stabilize the variance and then weighting studies by the inverse of the variance. We used the variance-stabilizing procedure because the variance of an observed proportion under 0.5 decreases as the magnitude of the proportion decreases, which might have biased our weighted estimate (125). The weighted mean complication rate was 6.5%. The probability of fatal complications ranged between 0% and 1.6%. The weighted mean fatal complication rate was 0.5%, which roughly corresponded to the reported frequency in the voluntary French registry.
To estimate the risk for fatal and nonfatal complications after thoracotomy, we identified two studies that examined postoperative outcomes in community settings. One observational study used discharge abstracts from California hospitals to identify 12 439 patients who underwent lung resection for cancer, 6569 of whom underwent lobectomy (62) . In this study, the probability of in-hospital death from lobectomy was 4.2%, which we used as our base-case estimate. Lower postoperative mortality rates for lobectomy (1.6% to 3%) have been reported in tertiary care settings (60, 61, 64) . Another study compared rates of serious, nonfatal complications in lung resections that were performed by thoracic surgeons and general surgeons in South Carolina nonfederal hospitals (66) . In this study, the probability of serious, nonfatal postoperative complications after lobectomy performed by thoracic surgeons was 8.4%, which we used as our base-case estimate. The complication rate after lobectomy performed by general surgeons was 11%. In tertiary care settings, recent studies reported rates of nonfatal complications between 4.8% and 9%, but these reports did not distinguish between complications that occurred after lobectomy, pneumonectomy, or wedge resection (64, 126) .
Costs. We converted all costs to 2001 U.S. dollars by using the gross domestic product deflator. Unlike the medical component of the Consumer Price Index, the gross domestic product deflator accounts for improvements in productivity. An index that does not account for technological change can seriously overestimate the true rate of inflation (127). In addition, the gross domestic product deflator considers all domestic economic activity, while the Consumer Price Index only includes spending by households.
Cost estimates for imaging tests, needle biopsy, and physician and pathologist services were based on Medicare reimbursement rates (70, 71), which are believed to be a good proxy for true opportunity costs (10) . More specific information on hospital costs for surgical procedures was obtained from the Health Care Utilization Project (HCUP), which included data from 6.2 million discharges in 22 states in 1996 (72). Base-case estimates for costs are listed in Appendix Table 1 .
Costs for noncontrast CT were $286 (Current Procedural Terminology [CPT] 71250), while costs for FDG-PET were $1980 (CPT G0125). To calculate costs for patients who were managed by watchful waiting, we added $34 for chest radiography (CPT 71020) and $38 for an outpatient office visit (CPT 99213) for each observation period. To calculate the cost of CTguided needle biopsy ($583), we added procedure costs for percutaneous needle biopsy (CPT 32405), costs for CT guidance (CPT 76360), and pathology fees (CPT 88171). Costs for fluoroscope-guided needle biopsy were lower ($283). Costs for minor pneumothorax after needle biopsy were $72, including $34 for chest radiography and $38 for an outpatient office visit. Costs for chest tube drainage were $2566, including $2394 for 4 days of hospital care for iatrogenic pneumothorax (diagnosis-related group [DRG] 095) and $171 for physician services, including an initial evaluation (CPT 99221) and 3 days of subsequent hospital care (CPT 99231).
To calculate the cost of surgery for patients with malignant and benign nodules, we added hospital and professional fees. For patients with malignant nodules, we added the median costadjusted hospital charges for 3836 patients with lung cancer who underwent lobectomy from the HCUP database, and Medicare reimbursement for surgical lobectomy (CPT 32480) and pathologic interpretation (CPT 88309). Total surgical costs for patients with malignant nodules were $14 875. For patients with benign nodules, we added the median cost-adjusted hospital charges for 73 patients who underwent thoracoscopy for a benign diagnosis and Medicare reimbursement for surgical thoracoscopy with biopsy (CPT 32602) and pathologic interpretation (CPT 88307). Total surgical costs for patients with benign nodules were $11 625. To estimate costs for major surgical complications, we subtracted the mean Medicare reimbursement for lung biopsy without complications (DRG 077) from the mean reimbursement for lung biopsy with complications (DRG 076).
To estimate long-term health care costs for patients with surgically treated local lung cancer, surgically staged regional lung cancer, and distant-stage lung cancer, we used Medicare claims data for the years 1990 to 1993 (73). Average monthly costs for the first year after diagnosis are illustrated in Appendix Figure 8 . To avoid counting costs for surgery twice, we subtracted surgical costs from the total costs for months 1 through 3. For years 2 to 5 after diagnosis, average monthly costs were $762, $934, and $1425 for patients with local, regional, and distant disease, respectively. To estimate health care costs for patients with benign nodules and for patients with malignant nodules more than 5 years after diagnosis, we used age-specific, average, annual health care expenditures from the U.S. Bureau of Labor Statistics (74).
Utilities. To identify studies that measured utilities (prefer- We also scanned a comprehensive library of 1000 health-related quality-of-life estimates (128). Because we could not identify studies that examined the preferences of patients with pulmonary nodules who were managed by watchful waiting, we assumed that the relative utility of the time spent in observation was normal, and therefore used age-and sex-specific values from the Beaver Dam Health Outcomes study (75). To account for the possibility that some patients might be uncomfortable not knowing whether a nodule was benign or malignant, we tested lower utility values in a sensitivity analysis. We believe it is likely that preferences will vary between patients, depending on factors such as the probability of malignancy, the duration of time spent in observation, and the patient's risk attitude. We used age-and sex-specific values to estimate utilities for patients with local-stage malignant nodules because in two studies of outcomes after thoracotomy for lung cancer, health-related quality of life returned to baseline within 3 months of surgery (129, 130). To obtain utilities for patients with regional-stage, distant-stage, or recurrent lung cancer, we multiplied the ageand sex-specific value by a relative utility of 0.7. This value was taken from an economic evaluation that compared different chemotherapy regimens in patients with metastatic non-small-cell lung cancer, in which 14 oncology physicians and nurses reported that their utility for chemotherapy was 0.7 (76).
We adjusted quality of life for time spent in the hospital and time spent having diagnostic procedures. When possible, we used data on average length of hospital stay to make these adjustments (71).
Time Preference
We discounted all costs and health effects at an annual rate of 3% and tested discount rates between 0% and 5% in sensitivity analysis (10).
Analytical Plan
We stratified the hypothetical study cohort according to the pretest probability of malignancy and the risk for postoperative complications. Postoperative complications included both fatal and nonfatal complications after either VATS biopsy or lobectomy. We performed separate analyses for six combinations of pretest probability (low, intermediate, and high) and surgical risk (average and high). We selected probabilities of 26%, 55%, and 79% to represent patients with low, intermediate, and high pretest probability, respectively. We used the base-case values and upper ranges to represent patients at average and high risk for surgical complications, respectively. Because the probabilities of fatal and nonfatal surgical complications are likely to be highly correlated, we did not vary them independently. Instead, we as-sumed that they were completely correlated and bundled them together in groups.
Several quantitative models exist for estimating pretest probability (5, 21, 131, 132) . Readers who wish to apply our results may benefit from using such a model to estimate pretest probability in individual patients. The best available model used multivariable logistic regression to identify six independent predictors of malignancy: age, smoking status, history of cancer, nodule diameter, spiculation, and upper lobe location (21) . This clinical prediction rule was derived from a cohort of 629 patients with newly discovered pulmonary nodules measuring 4 to 20 mm in diameter who were evaluated at the Mayo Clinic between 1 January 1984 and 1 May 1986. The prevalence of malignancy was 26.4%. Two thirds of the observations were used to develop the model and the remaining observations were used as a validation set.
These equations can be used to calculate the pretest probability of malignancy:
Probability of malignancy ϭ e x /(1 ϩ e x ) (1)
where age is the patient's age in years, smoking ϭ 1 if the patient is a current or former smoker (otherwise 0), cancer ϭ 1 if the patient has a history of an extrathoracic cancer that was diagnosed more than 5 years ago (otherwise ϭ 0), diameter is the diameter of the nodule in millimeters, spiculation ϭ 1 if the edge of the nodule has spicules (otherwise ϭ 0), and upper ϭ 1 if the nodule is located in an upper lobe (otherwise ϭ 0). To calculate pretest probability in individual patients, equations (1) and (2) can be entered into a personal digital assistant for use in the office or clinic. Unfortunately, it is not possible to calculate CIs for the predicted pretest probability based on the information provided because the developers of the model did not provide the covariance matrix for parameter estimates. Of note, age and history of cancer were not found to be independent predictors of malignancy in the validation set. The ROC curve analysis indicated that the model had very good predictive accuracy in both the derivation set (area under the curve, 0.83) and the validation set (area under the curve, 0.80). An area under the curve of 1.0 indicates perfect accuracy in prediction, while an area under the curve of 0.5 indicates that the prediction is no more accurate than a coin flip. The goodness-of-fit statistics for the model derivation and validation sets indicated that the observed proportion of patients with malignancy did not differ from the predicted proportion (chi-square ϭ 5.085, P ϭ 0.75; and chi-square ϭ 6.221, P ϭ 0.62; respectively). A calibration curve indicated that the numbers of observed and predicted cases of cancer were the same across the entire range of the probability of malignancy.
Knowing that most physicians rely on clinical intuition and judgment to estimate pretest probability, the developers of the model used ROC analysis to compare estimates of the probability of cancer obtained by using the prediction equation with those made by four experienced clinicians at the Mayo Clinic, including a radiologist, pulmonologist, general internist, and thoracic surgeon (133). Areas under the ROC curves for each of the physicians were slightly greater than the area under the curve for the prediction equation, but these differences were not statistically significant. Relative to the prediction equation, physicians tended to overestimate pretest probability, particularly at lower values of predicted probability. Of interest, the four clinicians recommended a management strategy of observation in a very high percentage of cases (37%, 57%, 8%, and 35%, respectively) despite overestimating pretest probability. Predictions of pretest probability made by less experienced clinicians may not be as accurate as those made by these experts.
Two other quantitative models have been developed by using less rigorous methods and have not been validated (5, 131, 132) . In addition, several groups have developed neural networks to assist in pulmonary nodule diagnosis. We are not aware of any published models that help to estimate the risk for complications for patients undergoing VATS biopsy or lobectomy.
Calculation of Incremental Cost-Effectiveness Ratios
We calculated incremental cost-effectiveness ratios by comparing strategies with the next most effective alternative, after eliminating strategies that were dominated. We considered all clinically plausible combinations of diagnostic tests because the cost-effectiveness of an intervention can be overestimated by comparing it with a suboptimal alternative. We eliminated strategies by strict dominance when an alternative strategy was both less costly and more effective. Strategies were eliminated by extended dominance when a more effective strategy had a more favorable incremental cost-effectiveness ratio (134). To calculate incremental cost-effectiveness ratios, we used the formula (C 1 Ϫ C 2 )/(E 1 Ϫ E 2 ), where C 1 and C 2 represent total discounted lifetime health care costs associated with two different strategies for pulmonary nodule diagnosis in 2001 dollars, and E 1 and E 2 are outcomes associated with the two strategies, measured in discounted QALYs.
Sensitivity Analysis
We performed one-way and multiway sensitivity analyses to identify important model uncertainties. When possible, ranges for variables were based on reported or calculated 95% CIs for means and interquartile ranges for medians. For diagnostic accuracy, we tested several points on summary ROC curves and their 95% CIs. We used clinical judgment to determine ranges for utilities. For costs, we determined ranges by adding or subtracting 25% from the base case estimate. To determine ranges for transition probabilities in the Markov model, we added or subtracted 50% from the base-case estimate because these estimates were more uncertain.
We performed probabilistic sensitivity analysis by stratifying patients according to pretest probability and the risk for surgical complications. We assigned logit-normal distributions to all probabilities and costs for all diagnostic test variables by using the method of Doubilet and colleagues (77) and then performed 10 000 simulations by randomly sampling values from these distributions. Logit-normal distributions have two main advantages: The full distribution can be approximated from a specified mean (base-case value) and an upper or lower bound, and the mean of the distribution function equals the base-case value. Thus, the mean value of the expected utility of each strategy in probabilistic analysis will ultimately converge to its expected value in the corresponding deterministic model (77). To account for correlation between sensitivity and specificity, we sampled values from a logit-normal distribution that we assigned to describe the specificity of a diagnostic test and used a formula to identify the corresponding sensitivity on the summary ROC curve.
For the purpose of the probabilistic analyses, we assumed that the hypothetical study cohort was infinitely large. Thus, while the probabilistic analysis accounted for second-order uncertainty (uncertainty in the values of model parameters), it did not account for first-order uncertainty (uncertainty related to sampling variability that would occur in a finite-sized population). This type of uncertainty can affect the magnitude of cost-effectiveness ratios when sampling from populations that are finite in size (135). While this source of uncertainty is not likely to be important for policy decisions made at a national level, it may be important for decisions that are made at the hospital or departmental level. In these settings, the cost-effectiveness ratios might differ because of sampling variation.
To account for uncertainty in the natural history of lung cancer, we performed a separate set of probabilistic analyses stratified by pretest probability in which we adopted the less pessimistic assumptions of Cummings and colleagues (9) and Gambhir and colleagues (81) on the negative consequences of delayed diagnosis in patients with malignant nodules who were managed by observation at some point in their evaluation. To do this, we reduced the probabilities of disease progression from local to regional to distant lung cancer during the observation period by 50%, which replicated the 14% reduction in life expectancy that Gambhir and colleagues predicted would result if diagnosis and treatment were delayed by one doubling time.
Software
We used Decision Maker software (Pratt Medical Group, Boston, Massachusetts) to create the Markov model. The Markov model generated long-term costs and QALYs for patients with malignant and benign nodules who, after preliminary diagnostic testing, were managed by either surgery or watchful waiting. Although this submodel did not include diagnostic testing variables, we also constructed a complete version of the model in Decision Maker. Because the complete Decision Maker model contained several embedded decision nodes, it was difficult to interpret the results of numerous sensitivity analyses. Therefore, we imported the long-term costs and QALYs that were generated by the Decision Maker submodel into a spreadsheet version of the full model (Excel 2000, Microsoft, Inc., Redmond, Washington). Costs and QALYs associated with each strategy were calculated by the spreadsheet, plotted to define the "efficiency frontier," and sorted to calculate appropriate incremental costeffectiveness ratios. To perform probabilistic sensitivity analysis, we used Crystal Ball 2000 standard edition simulation software (Decisioneering, Inc., Denver, Colorado).
Before running analyses, we extensively tested the model by entering extreme values for variables and checking to make sure that the model generated expected results. For example, watchful waiting was the dominant strategy when we assumed that delayed diagnosis and treatment were not associated with any reduction in life expectancy. Similarly, surgery without any diagnostic testing was the most effective strategy when we assumed that the probability of fatal and nonfatal surgical complications was zero. We also compared the results of base-case models constructed with Decision Maker and Excel and found that they were identical.
Results
We first present results of the Markov model, which generated total lifetime health care costs and QALYs for patients with malignant and benign nodules, independent of any diagnostic testing. Next, we report the results of selected sensitivity analyses, including the results of probabilistic analyses. Readers should consult the print version of the manuscript for base-case results and results of one-way sensitivity analysis.
Estimating Costs and QALYs for Patients with Malignant and Benign Nodules
The Markov model estimated lifetime costs and QALYs for patients with malignant and benign nodules who, after preliminary testing, were managed by either surgery or watchful waiting. Under the assumptions of the Markov model and not including costs for other diagnostic tests, total discounted costs and QALYs were approximately $75 200 and 6.57 QALYs for patients with malignant nodules who were managed by surgery, $67 100 and 5.09 QALYs for patients with malignant nodules in whom surgery was delayed because of watchful waiting, $50 600 and 11.80 QALYs for patients with benign nodules who underwent unnecessary surgery, and $43 500 and 11.85 QALYs for patients with benign nodules who were managed by watchful waiting. Thus, QALYs were reduced by 23% in patients with malignant nodules who were managed by watchful waiting at some point in their evaluation. In contrast, QALYs were reduced by only 0.4% in patients with benign nodules who underwent unnecessary surgery. This indicates that the consequences of false-negative diagnostic testing (delayed diagnosis and treatment) are much more serious than the consequences of false-positive testing (unnecessary surgery). Although total lifetime costs for patients with malignant nodules who were managed by watchful waiting were lower than costs for patients with malignant nodules who underwent surgery without delay, average annual health care costs were higher in the group that underwent watchful waiting ($13 200 versus $11 400). In patients with benign nodules, unnecessary surgery was associated with a 14% increase in total discounted health care costs. Estimates of costs and QALYs generated by the Markov model were entered into the larger decision model.
Threshold Analysis
Influence of Pretest Probability. We determined threshold values for when to use specific tests as a function of pretest probability (Appendix Figures 9 and 10) . Because our results indicated that CT should be used as the first test in almost all circumstances, we also describe thresholds in terms of post-test probability after CT.
For patients who were at average risk for surgical complications, use of FDG-PET cost less than $100 000 per QALY gained when pretest probability was low (10% to 50%) and CT results were possibly malignant, or when pretest probability was high (77% to 89%) and CT results were benign ( Appendix Figure 9) . Both of these situations resulted in intermediate post-test probabilities (20% to 69%). Surgery was favored at higher posttest probabilities (Ն70%), biopsy was preferred at lower post-test probabilities (2% to 20%), and watchful waiting was preferred only when post-test probability was very low (Ͻ2%). Threshold values were similar when we used $50 000 per QALY as the cut-point for societal willingness to pay, although FDG-PET was recommended across a slightly narrower range of post-test probabilities (20% to 64%).
In patients at high risk for surgical complications, use of FDG-PET cost less than $100 000 per QALY gained when posttest probability ranged between 35% and 86% (Appendix Figure  10) . Surgery was favored at higher post-test probabilities (Ն87%), biopsy was favored when post-test probability was low (2% to 34%), and watchful waiting was preferred only when post-test probability was very low (Ͻ2%). Thus, the range of post-test probabilities at which FDG-PET is recommended shifts to higher values when the risk for surgical complications is high. Once again, threshold values were similar when we used $50 000 per QALY as the cut-point for societal willingness to pay, although in this case FDG-PET was recommended across a much narrower range of post-test probabilities (48% to 76%).
Sensitivity Analysis
Influence of Conditional Test Performance. To examine the potential effect of conditional test performance, we assumed that FDG-PET was 25% less sensitive and 16% more specific when CT results were benign, as observed in studies of FDG-PET and CT for mediastinal staging in patients with non-small-cell lung cancer (78). Because false-negative test results produce much greater reductions in life expectancy than false-positive results, varying sensitivity will have a much greater effect than varying specificity. In patients with low or intermediate pretest probability, decreasing the conditional sensitivity of FDG-PET (conditioned on benign CT results) should not have an effect on whether FDG-PET is used because FDG-PET strategies were not recommended when CT results were benign in this group of patients. Reducing the conditional sensitivity of FDG-PET could only strengthen the recommendation against its use. However, in patients with high pretest probability, selective use of FDG-PET was recommended when CT results were benign in the base-case analysis. In this situation, reducing the (conditional) sensitivity of FDG-PET might lead to a different choice of strategies. Nevertheless, we found that this was not the case, even when we assumed that conditional sensitivity of FDG-PET was reduced by 25%. In fact, we obtained results that were very similar to the base-case results, even when we assumed that the specificity of FDG-PET was 16% higher than the base-case estimate and that sensitivity was as low as 50% (base-case sensitivity, 94.2%).
Effect of Dynamic CT. To examine the potential role of contrastenhanced dynamic CT, we evaluated six additional strategies that used this test. In all six cases, dynamic CT was used only when the results of non-contrast CT were possibly malignant. We assumed that the sensitivity and specificity of dynamic CT were 98% and 58%, respectively (108) and that the cost was the same as for chest CT with contrast ($334). In patients with intermediate pretest probability (55%), a dynamic CT-based strategy was more effective and less expensive than almost all PET-based strategies. In this strategy, needle biopsy was performed when the results of non-contrast CT were benign or when the results of dynamic CT were negative (Ͻ15 HU enhancement) and surgery was performed when the results of dynamic CT were positive. This strategy cost less than $15 000 per QALY gained relative to a similar but slightly less aggressive strategy that included watchful waiting when dynamic CT results were negative. A strategy that used PET nonselectively in all patients was most effective, but cost more than $2 000 000 per QALY gained. In patients with low pretest probability (26%), these same two dynamic CTbased strategies were highly effective and cost less than $50 000 per QALY gained. However, in patients with high pretest probability (79%), FDG-PET strategies were more effective than dynamic CT-based strategies, and cost between $15 000 and $65 000 per QALY gained. These preliminary findings suggest that dynamic CT with contrast enhancement is potentially highly cost-effective in patients with low and intermediate pretest probability of malignancy, but not in patients with high pretest probability.
Probabilistic Analysis. We describe the results of probabilistic analyses for patients with low, intermediate, and high pretest probability of malignancy. We further stratify the cohort according to the risk for surgical complications. Probabilistic analysis provided estimates of uncertainty for our calculated cost-effectiveness ratios. On the basis of the results of 10 000 simulations, we report the percentage of simulations in which the strategy under consideration was more effective and more expensive (quadrant I), less effective and more expensive (quadrant II), less effective and less expensive (quadrant III), and more effective and less expensive (quadrant IV) than the alternative. We use the term "cost saving" to describe results that fall in quadrant IV.
Low Pretest Probability: In patients with low pretest probability (26%) who were at average risk for surgical complications, watchful waiting was the least expensive and least effective strategy (Appendix Table 9 ). A strategy that used CT but not PET (strategy 7) was more effective and cost less than $100 000 per QALY gained in 100% of all simulations. A strategy that used FDG-PET selectively when CT results were possibly malignant (strategy 12) was more effective and was either less expensive (quadrant IV) or cost less than $100 000 per QALY gained (quadrant I) in almost 77% of all simulations. This strategy used surgery when FDG-PET results were positive, needle biopsy when FDG-PET results were negative, and watchful waiting when CT results were benign. A similar strategy that used needle biopsy rather than observation when CT results were benign (strategy 15) was even more effective and cost less than $100 000 per QALY gained relative to its less aggressive counterpart in almost 69% of all simulations. Thus, it appears that using needle biopsy rather than watchful waiting may be economically attractive when CT results are benign. In contrast, a strategy that used FDG-PET nonselectively in all patients (strategy 35) was either less effective than the alternative or cost more than $100 000 per QALY gained in almost 85% of simulations.
Results were similar for patients with low pretest probability (26%) who were at high risk for surgical complications (Appendix Table 10 ). A strategy that used FDG-PET selectively when CT results were possibly malignant (strategy 15) was either cost saving (quadrant IV) or cost less than $100 000 per QALY gained in 66% of simulations, relative to the most effective strategy that did not include FDG-PET. In this strategy, surgery was performed when FDG-PET results were positive, and needle biopsy was performed when FDG-PET results were negative or when CT results were benign. Thus, selective use of FDG-PET appeared to be slightly less attractive economically in these highrisk surgical patients when compared with patients whose risk for surgical complications was average. This finding makes sense because the main benefit of FDG-PET imaging in patients with low pretest probability is to identify patients with hypermetabolic nodules and send them directly to surgery. Thus, use of FDG-PET is slightly less attractive in patients with low pretest probability when the risk for surgical complications is high.
Intermediate Pretest Probability: For patients with intermediate pretest probability (55%) who were at average risk for surgical complications, the least effective and least expensive strategy was watchful waiting (Appendix Table 11 ). Three strategies that included CT, but not FDG-PET, were more effective and cost less than $20 000 per QALY gained. The most effective of these strategies used surgery when CT results were possibly malignant and needle biopsy when CT results were benign (strategy 6). This strategy was either cost saving or cost less than $100 000 per QALY gained in more than 85% of all simulations. A strategy that used FDG-PET selectively when CT results were possibly malignant (strategy 15) was slightly more effective, but this strategy was either less effective and more expensive (quadrant II) than the alternative, or cost more than $100 000 per QALY gained in more than 75% of all simulations. This confirms that FDG-PET strategies are less attractive economically in patients with intermediate pretest probability, as we found in the deterministic analysis.
In patients with intermediate pretest probability (55%) who were at high risk for surgical complications, a strategy that used FDG-PET selectively when CT results were possibly malignant (strategy 15) cost less than $100 000 per QALY gained relative to the most effective strategy that did not use FDG-PET in 86% of all simulations (Appendix Table 12 ). In this strategy, surgery was performed when FDG-PET results were positive and needle biopsy was performed when FDG-PET results were negative or when CT results were benign. Thus, as in the deterministic analysis, probabilistic analysis suggested that selective use of FDG-PET was more attractive economically in patients with intermediate pretest probability when the risk for surgical complications was high.
High Pretest Probability: For patients with high pretest probability (79%) who were at average risk for surgical complications, watchful waiting was again the least effective and least expensive strategy (Appendix Table 13 ). A strategy that used CT but not FDG-PET (strategy 5) was much more effective and cost less than $100 000 per QALY gained relative to watchful waiting in 100% of all simulations. However, three strategies that used FDG-PET selectively when CT results were benign were even more effective. The least aggressive of these strategies used surgery when CT results were possibly malignant, needle biopsy when FDG-PET results were positive, and watchful waiting when FDG-PET results were negative (strategy 19). Relative to the most effective CT-based strategy, this strategy cost less than $100 000 per QALY gained in 99% of all simulations. Two other PET strategies were marginally more effective and slightly more expensive (strategies 18 and 17). One of these strategies used surgery when FDG-PET results were positive and watchful waiting when FDG-PET results were negative. The more aggressive strategy used needle biopsy when FDG-PET results were negative. In more than 40% of all simulations, these strategies were less effective and more expensive than the alternative (quadrant II) or cost more than $100 000 per QALY gained. This is because there were only marginal differences amongst the three PET-based strategies with respect to expected costs and outcomes. Thus, these approaches are roughly equivalent and other factors should be considered when deciding between them, such as the expected yield of needle biopsy and patient preferences.
For patients with high pretest probability (79%), strategies that use FDG-PET appeared to be less attractive economically when the risk for surgical complications was high (Appendix Table 14 ). A strategy that included FDG-PET selectively when CT results were benign (strategy 17) was only marginally more effective than the most effective CT-based approach (strategy 6). The CT-based strategy used surgery when CT results were possibly malignant and needle biopsy when CT results were benign. In more than 80% of simulations, the selective PET strategy was less effective and more expensive than the CT-based approach (quadrant II) or cost more than $100 000 per QALY gained. Thus, selective use of FDG-PET is considerably less attractive economically in patients with high pretest probability when the risk for surgical complications is high.
Clinical Implications
1. Patients with new, noncalcified solitary pulmonary nodules should be stratified according to the pretest probability of malignancy and the risk for surgical complications. Computed tomography should be performed to confirm the presence of an intraparenchymal nodule, to define the location and edge characteristics of the lesion, and to assess whether hilar or mediastinal lymph nodes are enlarged. Computed tomography infrequently identifies smooth borders and occult calcification that are highly suggestive of a benign diagnosis.
2. Nonselective use of FDG-PET for pulmonary nodule diagnosis is highly effective, provided that the results are interpreted correctly and followed by appropriate interventions (for example, watchful waiting or needle biopsy when FDG-PET results are negative, or surgery or needle biopsy when FDG-PET results are positive). However, strategies that use FDG-PET nonselectively are expensive and do not seem to represent an efficient use of health care resources.
3. For clinicians who wish to make efficient use of health care resources, it is most cost-effective to use FDG-PET when pretest probability and CT results are discordant (that is, when pretest probability is low and CT results are possibly malignant, or when pretest probability is high and CT results are benign). In these cases, post-test probability after CT falls in an intermediate range (20% to 69%). Because CT results are most often possibly malignant (indeterminate), the typical indication for FDG-PET imaging will be in a patient with low pretest probability and possibly malignant results on CT. The main reason why FDG-PET strategies are beneficial in patients with low pretest probability is because they identify individuals with hypermetabolic nodules and send them directly to surgery. In patients who are at high risk for surgical complications, the range of post-test probabilities at which FDG-PET strategies cost less than $100 000 per QALY gained shifts to higher values (35% to 84%).
4. Positron emission tomography with 18-fluorodeoxyglucose strategies cost more than $200 000 per QALY gained when pretest probability of malignancy is intermediate. In these patients, post-test probability is low when CT results are benign and post-test probability is high when CT results are possibly malignant. Use of FDG-PET in these situations provides little additional benefit at a considerable additional cost.
5. Once the results of imaging studies are known, aggressive use of surgery and needle biopsy is both highly effective and highly cost-effective. For example, use of needle biopsy when FDG-PET results are negative is not only more effective than watchful waiting but is highly cost effective. Likewise, when FDG-PET results are positive, surgery is typically more effective than needle biopsy. Aggressive use of surgery and needle biopsy serves to reduce false-negative diagnostic evaluations. This is important because false-negative evaluations lead to delayed diagnosis, missed opportunities for surgical cure, and large reductions in QALYs. By comparison, the consequences of unnecessary surgery in patients with false-positive diagnostic evaluations are relatively minor.
6. Other factors that should be considered when managing patients with pulmonary nodules include the risk for surgical complications, the probability of nondiagnostic biopsy, local availability and experience in the use of imaging tests, and patient preferences. The risk for surgical complications and the probability of nondiagnostic biopsy depend on both patient factors and operator experience.
Policy Implications
1. Selective use of FDG-PET imaging for pulmonary nodule diagnosis represents a good value for the health care dollar relative to other commonly accepted medical and public health interventions.
2. Dissemination of FDG-PET imaging for diagnosis of pulmonary nodules is worthwhile based on efficiency criteria.
3. Current policies that deny reimbursement for needle biopsy after FDG-PET should be reconsidered. When FDG-PET results are negative, it is usually more effective to perform needle biopsy rather than watchful waiting, except when pretest probability is very low.
4. Computed tomography with dynamic contrast enhancement seems to be a promising alternative to FDG-PET that warrants further study. It seems to be most cost-effective when used selectively in patients with low to intermediate pretest probability who have possibly malignant results on noncontrast CT. 
